In species where defense of females or resources attractive to females is not an option, males search for mates. How males locate mates is not well understood. Male white-tailed deer (Odocoileus virginianus) are assumed to search widely for females in estrus; but the rut (2-4 weeks) and estrus (1-2 days) are short and males would benefit by having a strategy to locate mates. Because females typically have small home-range sizes and exhibit site fidelity, we predicted males would spend time in small focal areas containing females during rut. We fitted 102 males with GPS collars across 5 breeding seasons in South Texas. During rut, movement rates increased but most males used a small portion (26-34%) of their home ranges. Most males had ≥ 2 small focal areas (18-33 ha) which were revisited every 20-28 h. Because estrus is ~24 h, males may revisit focal areas to assess female receptiveness. During peak rut, 1 year olds had the lowest movement rates and rates were similar in 2-and ≥ 3-year-old males. However, most 2 year-old males exhibited Levy walks, an efficient search strategy when resources are rare. One-year-old males may not have exerted high effort, whereas most 2 year olds used a different strategy because of competition or lack of experience. Our results provide the first fine-scale description of ungulate mate-searching behavior and how spatial memory may be important for acquiring mating opportunities in species that rove for mates.
Mating strategies of male mammals are influenced by the spatial distribution and reproductive synchrony of females (Emlen and Oring 1977; Clutton-Brock 1989) . In species where females are gregarious, rates of conflict among males are high. As a result, mating success is often correlated with body size, body condition, aggressiveness, or secondary sexual traits such as antlers and horns (Clutton-Brock et al. 1988; Hoem et al. 2007) . In species where females are widely distributed in small groups and timing or probability of estrus in individual females is unpredictable, searching for mates may be more important than physical confrontation with competing males (Schwagmeyer 1995; Fisher and Lara 1999) because estrous females may be alone or attended by a small subset of males (Wauters et al. 1990; Ryser 1992) .
In the context of scramble competition, mate searching may include multiple strategies influenced by the competitive environment and the probability of encountering a female (Apollonio et al. 1992; Hogg and Forbes 1997; Isvaran 2005) . For instance, Whitehead (1990) predicted that males should adopt a roving strategy when travel time between females or groups of females is less than the duration of estrus. Conversely, males should adopt a resident strategy and remain with one or more females if time between encounters of females is greater than the duration of estrus. Roving males may search within their home ranges (Sandell 1986) or roam widely with no defined home range (Clutton-Brock 1989) to increase encounter rates of females in estrus. A variation of the roving strategy involves the use of spatial memory during mate searches (Schwagmeyer 1988; Spritzer et al. 2005; Lane et al. 2009 ). If females have predictable home ranges, males could revisit individual females or groups of females to assess receptivity (Schwagmeyer 1995) . Immature males may employ alternative strategies because of inexperience, low dominance status, or to lower the energetic cost of participation in rut until physically mature (Orgeur 1991; Komers et al. 1999; Yoccoz et al. 2002; Forsyth et al. 2005) . For instance, young or subdominant males might adopt a resident strategy and remain near ≥ 1 females, regardless of encounter rates, to take advantage of mating opportunities that arise in the absence of a dominant male (Sandell and Liberg 1992) .
White-tailed deer (Odocoileus virginianus) are the most abundant and widespread ungulates in North America (Demarais et al. 2000) . White-tailed deer form temporary tending bonds, where an individual male remains with a female in estrus for 24 h or until she is no longer receptive (Hirth 1977) . Females are distributed in small groups (approximately 2-5 individuals) composed of close relatives (Hawkins and Klimstra 1970) . Males are not territorial but will follow a receptive female and defend her from other males (DeYoung and Miller 2011) . Biologists have long believed that mating followed a strict dominance hierarchy, where a few dominant males sired most offspring (Miller et al. 1987; DeYoung et al. 2009 ). However, several recent studies have reported a wider distribution of paternity among individuals and age classes than previously expected (Sorin 2004; DeYoung et al. 2009 ). Thus, the paradigm of male mating in white-tailed deer has changed from a strict dominance hierarchy, where a few dominant males sire most offspring, to some sort of scramble competition where many males mate, including physically immature males (DeYoung and Miller 2011) . Categorizing white-tailed deer as scramble competitors is supported by the relative lack of correlation between physical traits and male reproductive success (DeYoung et al. 2006; Jones et al. 2011) .
Despite numerous studies of white-tailed deer movement patterns, mating strategies are not well understood (DeYoung and Miller 2011) . A comprehensive review of mammalian mating systems characterized the expected mating strategy for species such as white-tailed deer to range widely in search of females in estrus (Clutton-Brock 1989:361) . This generalization may be accurate in a broad sense but has never been tested or quantified. Because females are dispersed in small groups, males that are more effective in locating females in estrus might have greater reproductive success (Schwagmeyer and Woontner 1986; Lane et al. 2009 ). Breeding success varies among individuals and age classes (DeYoung et al. 2009 ), which may reflect the use of search strategies based on experience or greater ability to discover females in estrus.
The goal of our study was to quantify mate search strategies of male white-tailed deer. We quantified movement patterns using an extensive dataset of fine-scale (1-h) GPS radiocollar location data. We hypothesized that most males would increase movement rates (m/h) and search intensity (proportion of home range used) during peak rut, when most females were receptive (Hellickson 2002; Webb et al. 2010) . Because of dominance status and larger fat reserves, mature males should display comparatively higher rates and intensity than younger males particularly during peak rut.
Movement path trajectories can be classified into distinct search behaviors. For instance, the Levy walk is an optimum search behavior when resources are sparsely distributed because Levy walk increases the chances of encountering new resource patches (Viswanathan et al. 1999 (Viswanathan et al. , 2000 Bartumeus et al. 2002; Humphries et al. 2010) . Conversely, Brownian walks reflect a priori knowledge of resource (e.g., females) distribution and ability to acquire these resources. We predicted mature males, because of their experience, would display Brownian walks primarily during the peak rut, whereas young males, because of inexperience and low positions in the dominance hierarchy, would demonstrate behavior reflective of searching for sparse resources throughout all rut phases.
Lastly, we tested whether males revisited discrete areas at regular intervals. Some studies have documented decreased movement patterns in females during peak rut, presumably to increase chances of being encountered by males (Ivey and Causey 1981; Holzenbein and Schwede 1989; Beier and McCullough 1990) . Further, female white-tailed deer enter estrus for a short period of time (1-2 days- Knox et al. 1988) , separated by ~21-30 days (Plotka et al. 1977; Knox et al. 1988) . Thus, we predicted that mature males should revisit discrete locations (termed focal areas) repeatedly during peak rut (Whitehead 1990; Koprowski 1993) . We also hypothesized that young males may remain near focal areas because of their low position in the dominance hierarchy (Koprowski 1993) .
Materials and Methods
Study area and data collection.-The study site was located on about 4,000 ha of a large, continuous, privately owned property 21 km east of Kingsville, Texas, in the Southern Subhumid Gulf Coastal Prairie ecoregion (EPA 2011). The property was managed for sport hunting, row crop agriculture, oil and gas extraction, and cattle production. Tamaulipan thornscrub habitat was bounded on the north by nonirrigated grain sorghum or cotton fields, the east by the Laguna Madre, and additional crops in the south-central stretching to the southwest. Autumn helicopter surveys indicated a sex ratio of 2-3 adult females per male and 10.3 deer/km 2 (M. W. Hellickson, pers. obs.) . Access to this private property was tightly controlled and recreational harvest of deer was very light (~1-2 males harvested during the last 2 years of the study).
We captured male white-tailed deer using a net-gun fired from a helicopter (Barrett et al. 1982) each October from 2005 to 2009. We estimated deer age based on tooth replacement and wear patterns (Severinghaus 1949 ) and grouped deer into 3 age classes (1, 2, and ≥ 3 years of age). Although senescent males may display different movement patterns from young or primeaged males, we collared only 6 males that were ≥ 6 years of age. Physically mature males (≥ 3 years old) outnumbered young males because harvest was highly controlled and fawn recruitment was variable and associated with rainfall (M. W. Hellickson, pers. obs.) . Each deer was fitted with a GPS telemetry collar (Advanced Telemetry Systems, Inc., Isanti, Minnesota, or Lotek Wireless, Inc., Newmarket, Ontario, Canada) that was retrieved in mid-February. Texas A&M University-Kingsville Institutional Animal Care and Use Committee (Animal Use Protocol number 2007-07-27) approved field methods for this study, and the methods were consistent with the American Society of Mammalogists guidelines (Sikes et al. 2011) .
Collars recorded deer locations at intervals of 15, 20, or 30 min to enable the detection of fine-scale movement patterns; preliminary analyses revealed that hourly locations proved most useful for analyses. We imported GPS locations into ArcMap 9.3 (ESRI 2009) and removed any obvious outliers, such as physically impossible locations (< 0.01% of data). All 3-dimensional locations with position dilution of precision (PDOP) > 10 and 2-dimensional locations with PDOP > 5 also were removed, as recommended by D'Eon and Delparte (2005) .
In temperate populations with normal sex ratios (1 male for every 1-3 females) and age structure, most female white-tailed deer are bred in a 2-to 4-week period (DeYoung and Miller 2011) . We separated the breeding season into four 14-day biologically significant phases based on the distribution of conception dates of 146 pregnant does harvested on the study area during spring 2000 -2009 . Briefly, embryos were removed from harvested animals and crown-rump measurements were recorded to the nearest 0.1 cm; conception dates were estimated after Short (1970) and Hamilton et al. (1985) . We defined early rut as 18 November to 1 December (14% of conceptions), peak rut as 2-15 December (67% of conceptions), late rut as 16-29 December (17% of conceptions), and post rut as 30 December to 12 January (2% of conceptions).
Search effort.-We computed movement rate (m/h) from distance travelled between hourly locations to assess differences in activity among age groups and rut phases with the assumption that most movements were directed at mate search. We also quantified search intensity to examine whether males increased search intensity. Assessment corridor (AC-Doerr and Doerr 2005) is a technique that connects locations in a sequential order and applies a user-defined perception range (i.e., a fixed buffer width on both sides of the connected points) to measure the actual area (ha) searched. We assumed a fixed 20-m visual perception range because of the dense thornscrub habitat. Although olfactory senses may expand their perception range, accounting for the effects of wind direction on detection would be very difficult. AC analysis was performed using Dispersal Range Analysis Program version 0.99 (Doerr and Doerr 2005) . For each individual and rut phase, we obtained AC and divided by the home-range size as an index to search intensity, which is essentially the proportion of home range used. We used the Brownian bridge movement model (BBMMHorne et al. 2007 ) to generate 95% utilization distributions (i.e., home-range sizes). The BBMM is similar to traditionally used kernel home-range sizes, but BBMM allows for the uncertainty of animal locations midway between the hourly sampling intervals. We performed the BBMM analysis in R software (R Development Core Team 2008) using function kernelbb in package adehabitat (Calenge 2006) .
Search strategies.-We performed a curve-fitting test (Sueur 2011) to examine whether the distribution of step lengths better fit a power law (Levy walk) or exponential distribution (Brownian walk). We computed proportion of individuals that exhibited Levy walks among age classes for each rut phase. Curve-fitting tests were performed using SPSS Statistics 19 (IBM Corp. 2010).
Search patterns.-We delineated focal areas using a 30% occurrence probability in the BBMM. We delineated exterior isopleths of each estimated focal area; if the 30% occurrence probability resulted in an hour-glass-shaped boundary linking multiple focal areas, we separated into > 1 focal areas. We converted GPS locations to a binary variable (1 = inside focal area, 0 = outside focal area) to quantify focal area use and we retained focal areas that were visited more than once. Next, we quantified average number and duration (h) of focal area visits within a rut phase starting with the first visit to the focal area and ending at the last visit within the rut phase. Finally, we calculated the spatial area (ha) of each focal area as the minimum convex polygon of all locations in the focal area.
We followed the approach of Li et al. (2010) and used the focal areas identified by the BBMM analyses as reference points to determine whether males were revisiting focal areas periodically. We applied Fourier transformation and autocorrelation to detect periodicities in sequences of binary variables for each focal area. Individually, the Fourier transformation and autocorrelation analyses have weaknesses, but the combination of both methods increases the probability that observed periodicities are real (Li et al. 2010) . If estimates of periodicity using Fourier transformation and autocorrelation were similar (± 4 h), we concluded the individual exhibited periodicities in focal area visitations. Periodicity analysis was performed using JMP 9.0 (SAS Institute Inc. 2011).
Statistical analyses.-Before any age-specific analyses, we used analysis of variance to test for year effects in movement patterns (i.e., search effort and focal area characteristics). If there were no statistical differences in movement patterns among years, we pooled data across years. We chose an autoregressive covariance-variance structure which assumes homogenous variances but a correlation between rut phases that diminishes as length of time between rut phases increases. We used mixed model analysis with individual nested within age class with a repeated measures statement to analyze differences in pooled continuous data among age classes for each rut phase (PROC MIXED in SAS 9.3-SAS Institute Inc. 2011). Preliminary analyses comparing models with a repeated statement or a random effect yielded very similar statistical estimates; we chose the repeated statement to account for within-individual variation. After testing for significant fixed effects (i.e., age, rut phase, and their interaction), we used least squares means to describe the significant differences at α = 0.05. We used a generalized linear mixed effects model (PROC GLIMMIX) to assess the influence of age and rut phase on the discrete data (i.e., number of focal areas).
Results
We captured and fitted GPS collars to 4, 16, 29, 30, and 23 males during 2005-2009 . Data acquisition averaged 333 fixes out of 336 (SD = 4) possible fixes for each of the 4 rut phases. We removed data for a rut phase from individuals with ≤ 303 fixes (< 90% of possible fixes; n = 5). Five individuals died during data collection; 3 males evidently died of natural causes and 2 were legally harvested. Deer that died were omitted for the rut phase when mortality occurred.
Search effort.-We found no significant differences (P > 0.05) in search effort among years, so the data were pooled for analyses. As expected, movement rates increased from early to peak rut (F 3,266 = 31.40, P < 0.001; Fig. 1A) . Movement rates were lowest in 1-year-old males (F 3,96 = 3.90, P = 0.024); mature and 2-year-old males had 24-28% greater movement rates than 1 year olds. Surprisingly, males searched only 20-40% of their home ranges (Fig. 1B) . There was an interaction between rut phase and age in search intensity (F 6,266 = 2.61, P = 0.018); search intensity increased 24% from early to peak rut (Fig. 1B) .
Search strategy.-We observed several individuals within all age classes that had unique or unusual movements as defined by males that revisited all focal areas < 3 times or dispersed. Therefore, we did not include in this particular analysis those with no consistent focal areas (e.g., nomadic, n = 11) and apparent dispersers (n = 7) because their movements would certainly influence our focal area analysis (Fig. 2) .
Most individual movements conformed to the Brownian model, with little support for Levy movements (Table 1) . Unexpectedly, during peak rut, when most females were receptive, Levy walks were more frequent (34%) compared to other rut phases. However, Levy walkers were primarily 2-year-old males during peak rut (Z-score = 0.042-0.458 [1 year olds were omitted because of low sample size]; Table 1 ).
Search pattern.-Number of focal areas decreased from early to peak rut (F 3,229 = 2.86, P < 0.038; Fig. 3 ), whereas average number of visitations increased (F 3,228 = 9.00, P < 0.001; Table 1 ). We observed a 34% increase in focal area size (F 3,228 = 3.45, P < 0.017), but average duration of visits decreased by 19% (F 3,228 = 2.65, P < 0.049; Table 1 ) during peak rut. Patterns of visits to a focal area varied among individuals and not all individuals used multiple focal areas (Fig. 2) . Some individuals changed from using multiple focal areas during early rut to a single focal area during peak rut. Focal areas of multiple males often overlapped; 27 clusters of overlapping focal areas occurred across all the years. Mean number of collared males per cluster was 3.5 males (SD = 1.5, range = 2-8).
We detected periodicity in visitation of 514 focal areas based on Fourier transformations of the binary data set. Of the 514 periodicities, 311 (61%) were within 4 h of the autocorrelation results. Forty-nine to 60% of individuals per rut phase exhibited periodicities. During peak rut, most individuals exhibited periodicity (Table 1) . Of the 311 periodicities, 65% were approximately daily (20-28 h). We observed 35 individuals with periodicities for 2 focal areas during the same rut phase.
Discussion
Males of all age classes increased search effort during the rut, consistent with previous studies on white-tailed deer (Hellickson 2002; Webb et al. 2010) . One-year-old males seemed to invest less effort searching for females because movement rates (m/h) were 25-30% lower than in older males. Yearlings may be deferring significant investment in breeding efforts until physical maturity (Yoccoz et al. 2002; Forsyth et al. 2005; Byers et al. 2006) . Alternatively, 1-year-old males may simply be "making the best of a bad job" because of inexperience or low competitive ability (Sandell 1986; Koprowski 1993) and adopt a relatively sedentary strategy (Kodric-Brown 1986) . Surprisingly, movement rates (m/h) and search intensity in 2-year-old males were similar to those in mature males. In part, the statistical similarity was because of relatively high variability among individuals within both age classes, which may be a function of individual characteristics (Sheppard et al. 2006) . For instance, some individuals dispersed, exhibited high site fidelity, had periodic movements, or behaved nomadically. Nevertheless, our results suggest that 2-year-old male white-tailed deer invested similar mating effort to mature males.
The similarity in mating effort between mature males and 2-year-old males seems to conflict with the mating strategyeffort hypothesis, whereby prime-aged males should invest more in reproductive effort (Yoccoz et al. 2002) . However, the hypothesis was based on observations of red deer (Cervus elaphus), where the sexes are markedly dimorphic and primeaged males compete and fight intensely to maintain harems of females. In contrast, white-tailed deer do not maintain harems and the mating strategies pursued by dominant and subdominant males may be similar in terms of energy expenditure. An alternative interpretation is that comparison of movement rates (m/h) alone might be a misleading index of effort if some of the cost of reproduction effort is to defer foraging and invest more time searching for mates. Mature males may lose up to 30% of body mass during the rut, yet the increase in movement rates of males alone is not sufficient to account for loss of mass during the rut (Foley 2011; Hewitt 2011) . Therefore, time spent foraging may be an important difference in the mating strategies of young and mature males.
The overall increase in movements coupled with increase in search intensity indicates that males focused their mating activities on specific portions of their home range (Webb et al. 2009 ). We found that most males moved among ≥ 2 focal areas, consistent with a "roving" strategy (Whitehead 1990 ). However, some males evidently used a single focal area (Fig. 2) . These males that used a single focal area may have pursued a "resident" strategy, or the male's focal area may have encompassed the range of ≥ 1 groups of females (e.g., Stockley et al. 1994) . Most distributions of movement step lengths fit a Brownian walk, suggesting that resource locations (i.e., females) were predictable, which is consistent with the pattern of revisiting focal areas. During peak rut when most females were receptive, step lengths of most 2-yearold males fit a Levy walk. Because Levy walk is an optimum 11.3 (9.3-13.3) 13.6 (12.1-15.1) 11.9 (10.1-13.6) Post 11.8 (6.6-17.0) 11.7 (9.7-13.7) 11.4 (9.9-12.9) 11.6 (9.7-13.6) Average 11.9 (9.4-14. Early 11.1 (6.2-16.0) 9.0 (6.7-11.3) 9.0 (7.3-10.6) 9.7 (7.8-11.6) Peak 11.7 (6.9-16.6) 5.6 (3.3-7.8) 6.5 (4.9-8.1) 7.9 (6.1-9.8) Late 6.6 (1.3-11.8) 6.5 (4.2-8.8) 6.2 (4.4-7.9) 6.4 (4.4-8.4) Post 7.2 (1.3-13.1) 9.3 (7.0-11.6) 10.7 (9.0-12.5) 9.1 (6.9-11.3) Average 9.2 (5.9-12.4) 7.6 (6.1-9.1) 8.1 (7.0-9.1) a Early: 18 November to 1 December; peak: 2-15 December; late: 16-29 December; post: 30 December to 12 January. strategy to locate new resources, 2-year-old males may have had difficulty locating females. Resource availability might differ for males of different age class or social position, such that the peak resource availability may be different for males low in the dominance hierarchy (e.g., Reynolds and Rhodes 2009) . When the focal area data were combined with analyses of periodicity, we observed repetitive movements among focal areas in more than half of the collared males. We concluded periodicity only if autocorrelation and Fourier transformations agreed, which likely produced a conservative estimate. In addition, we observed extended absences from focal areas (e.g., periodic in Fig. 2 ) that interrupted repetitive patterns of movement. Although we cannot precisely ascertain the cause of interruptions in revisitation of focal areas, the change in behavior is consistent with male tending behavior. Males will form temporary tending bonds with a female as she nears estrus and they will typically isolate themselves from other deer (DeYoung and Miller 2011) . The timing of revisitation suggests that males employ an efficient strategy for the assessment of estrous; most males (65%) revisited focal areas daily, with 20-28 h between visits. Females are attractive to males for 24 h or more before mating occurs, through behavioral or scent cues (DeYoung and Miller 2011) . If revisitation of focal areas does involve assessment of receptivity, this assessment behavior is consistent with Whitehead's (1990) predictions for a roving strategy; males can increase the chances of encountering a female in estrus. Revisitation of focal areas at short intervals (i.e., several hours) would be less efficient if behavioral signs of estrus had a slow onset, whereas longer intervals between visitations (2-3 days) may risk missing a female in estrous.
The results of the movement path analyses led us to propose that most males revisit focal areas in an efficient strategy to detect females in estrus. However, the distribution of movement steps we measured cannot provide detailed information about actual behavior; our analyses rely on the critical assumption that the movements of males are directed at mate searching and specifically targeted to the location of females. Other resources, such as forage and water, may be targeted instead of females. However, males reduce forage intake rates during rut and rely on fat reserves (Hewitt 2011) . In addition, deer generally have several daily feeding bouts (Kie et al. 1991) , which would not result in periodicity. Water intake would be brief (~5 min) and we did not detect an association between focal areas and water sources. Therefore, movement patterns likely reflect the main targeted resource during the breeding season, which are females. Females reside in small, relatively stable social groups (DeYoung and Miller 2011) , such that a single focal area could contain multiple sexually mature females. The focal areas of multiple males overlapped; males were clearly revisiting the same discrete spatial areas during the rut, a time when males are aggressive and intolerant of other males (Hirth 1977) . Further, most females on our study site decreased movement rates from early to peak rut and exhibited high site fidelity which suggests a behavioral change to increase chances of being detected by a male (see Supporting Information S1). We did notice some males did not revisit focal areas regularly and exhibited nomadic movement paths (Fig. 2) . We were unable to determine why some males exhibited unusual movement behaviors, but plausible alternative hypotheses include low (or high) dominance status, inexperience, or simply a different type of mate search strategy that has not been categorized. Clearly, mate search patterns warrant additional study.
Collectively, studies of mating behavior suggest that the importance of a priori knowledge of female locations as a component of male mating success may have been underestimated (Schwagmeyer 1995) . Dominance and fighting are important to a male's place in the social hierarchy and in winning access to females, with obvious implications for mating success (CluttonBrock 1989) . Male cervids grow antlers, a secondary sexual trait that is often interpreted as an honest signal of male quality (Ditchkoff et al. 2001; Foley et al. 2012 ). Hypotheses about male mating success in cervids often involve physical or behavioral characteristics, such as antler size, dominance, or fighting (Bartos and Bahbouh 2006) . In species where competition among males occurs in the form of mate searching, prior information on the location and reproductive status of females may translate to increased mating success (Schwagmeyer and Parker 1987; Schwagmeyer 1994 Schwagmeyer , 1995 Lane et al. 2009 ). Previous studies have yielded no associations between measurable traits (e.g., antler size and body size) and breeding success in white-tailed deer (A. M. Foley, pers. obs.; DeYoung et al. 2006; Jones et al. 2011) . The use of spatial memory suggests male white-tailed deer may have developed an alternative strategy to increase competitiveness during breeding season (Gaulin and Fitzgerald 1986 ). To our knowledge, this is the first quantified description of how male white-tailed deer locate females. The mate-searching strategies add to our understanding of the whitetailed deer mating system and expand previous descriptions of mammalian mating strategies (e.g., Clutton-Brock 1989) . Other species of large mammals that employ a roving mating strategy, including several species of ungulates, some macropods, cetaceans, and some primates, may also rely on spatial memory.
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